Despite the therapeutic potential of nucleic acid drugs, their clinical application has been limited in part by a lack of appropriate delivery systems. Exosomes or microvesicles are small endosomally derived vesicles that are secreted by a variety of cell types and tissues. Here, we show that exosomes can efficiently deliver microRNA (miRNA) to epidermal growth factor receptor (EGFR)-expressing breast cancer cells. Targeting was achieved by engineering the donor cells to express the transmembrane domain of platelet-derived growth factor receptor fused to the GE11 peptide. Intravenously injected exosomes delivered let-7a miRNA to EGFR-expressing xenograft breast cancer tissue in RAG2 -/-mice. Our results suggest that exosomes can be used therapeutically to target EGFR-expressing cancerous tissues with nucleic acid drugs. 
IntroductIon
MicroRNAs (miRNAs) are small (20-22 nucleotides) noncoding RNA molecules that bind to partially complementary mRNA sequences, resulting in target degradation or translation inhibition. 1 A growing pool of evidence suggests that miRNA-related gain-or loss-of-function mutations can cause the development and/or progression of cancer. 2 For example, let-7a is thought to be a tumor suppressor that inhibits the malignant growth of cancer cells by reducing RAS and HMGA2 expression. Reduced expression levels of let-7 have been observed in colon, lung, ovary, and breast cancer cells. 3 Therefore, miRNA replacement therapies have emerged as promising treatment strategies for malignant neoplasms. Yet although miRNA-based modalities may eventually prove effective, their clinical application has been hampered by a lack of appropriate delivery systems.
Exosomes or microvesicles are small vesicles (50-100 nm in diameter) that are secreted by a variety of cell types and tissues. 4 Of clinical interest, tumor cells have been shown to release exosomes containing miRNA 5 and miRNAs secreted from donor cells can be taken up and function in recipient cells. 6, 7 These data indicate that exosomes are natural carriers of miRNA that could be exploited as an RNA drug delivery system. For instance, Alvarez-Erviti et al. recently used exosomes with modified membranes containing a neuron-specific peptide to deliver smallinterfering RNA (siRNA) to mouse brain tissue. 8 Nevertheless, the utility of exosomes as carriers of cancer therapies remains largely unknown.
A number of human tumors of epithelial origin display elevated epidermal growth factor receptor (EGFR) expression, suggesting that EGFR could serve as a receptor target in cancer drug delivery systems. 9 Because the EGFR ligand epidermal growth factor (EGF) is strongly mitogenic and neoangiogenic, however, an alternative ligand is needed for clinical applications.
The GE11 peptide (amino-acid sequence YHWYGYTPQNVI) binds specifically to EGFR, but is markedly less mitogenic than EGF. 10 Additionally, GE11-conjugated polyethylenimine vectors and polyethylene glycol-conjugated liposomes have been shown to be less mitogenic, and can efficiently transfect genes into cells expressing high levels of EGFR or tumor xenografts. [10] [11] [12] [13] These studies indicated that the GE11 peptide is likely superior to EGF for clinically targeting EGFR-expressing tumors.
In this study, we examined exosomes as drug delivery carriers in a model of cancer. Modified exosomes with the GE11 peptide or EGF on their surfaces delivered miRNA to EGFR-expressing cancer tissues; intravenously injected exosomes targeting EGFR delivered let-7a specifically to xenograft breast cancer cells in RAG2 -/-mice. These data indicate that exosomes targeted to EGFR-expressing cells may provide a platform for miRNA replacement therapies in the treatment of various cancers.
Systemically Injected Exosomes Targeted to EGFR Deliver Antitumor MicroRNA to Breast Cancer Cells
Shin-ichiro Ohno using the transmembrane domain of platelet-derived growth factor receptor (Figure 1a) . We transfected human embryonic kidney cell line 293 (HEK293) cells with pDisplay encoding GE11 or EGF, and then cloned cells that were stably expressing the constructs. Exosomes were purified from culture supernatants using an ultracentrifugation protocol (see Materials and Methods section).
We then examined the expression of GE11 or EGF in exosomes using anti-hemagglutinin (HA) antibodies and western blot analysis, which revealed bands of the predicted sizes (Figure 1b) . In addition, fluorescence-activated cell sorting (FACS) confirmed the presence of GE11 and EGF on the outer membranes of exosomes bound to latex beads, and these complexes were recognized by anti-Myc-tag antibodies (Figure 1c) . CD81 was used as a positive control for exosomes. Myc-tag expression was observed more frequently in EGF-positive (73.8%) and GE11-positive (66.2%) exosomes than in vector control (14.3%) exosomes. These data indicated that GE11 or EGF was present on the exosomal membranes. Additionally, immunogold staining with anti-HA antibodies showed that 15.3% and 21.2% of the exosomes were positive for GE11 and EGF, respectively, and no notable morphologic abnormalities were observed in the modified exosomes (Figure 1d) .
eGFr-dependent uptake of modified exosomes in vitro
We next examined whether the GE11-or EGF-positive exosomes derived from HEK293 cells bound to recipient cells in an EGFRdependent manner. We first evaluated EGFR expression in three human breast cancer cell lines. HCC70 cells showed higher EGFR expression levels than HCC1954 and MCF-7 cells (Figure 2a) . To examine whether GE11-or EGF-positive exosomes were taken up by recipient cells, exosomes were labeled with PKH67 dye (green) and added to cultures of HCC70 cells (Figure 2b) . EGF-and GE11-positive exosomes more efficiently bound to HCC70 cells than HCC1954 or MCF-7 cells. Binding appeared to reflect EGFR expression levels (Figure 2b) . Exosomes did not bind to cell surface membranes when the samples were incubated at 4 °C, suggesting that the cells had to be biologically active (Figure 2b) . Confocal laser-scanning microscopy demonstrated that the exosomes were internalized by the cells (Figure 2c) . To confirm that EGF-and GE11-positive exosomes were taken up by an EGFR-dependent mechanism, we performed assays using breast cancer cell lines with different levels of EGFR expression. First, we prepared MCF-7 cells expressing high levels of EGFR using a retroviral vector (Figure 2d ) and examined uptake of EGF-and GE11-positive exosomes (Figure 2e) . EGF-and GE11-positive exosomes showed high affinities for these MCF-7 cells compared with cells infected with empty vector or untreated cells. Next, we prepared HCC70 cells in which EGFR expression was knocked down using siRNA. Three days post-transfection, EGFR expression was markedly reduced, and we examined exosome uptake using fluorescence-activated cell sorting analysis (Figure 2f) . Because the cells proliferated following transfection of EGFR siRNA, relatively low levels of siRNA were detected in PKH67-labeled exosomes compared with the experiment shown in Figure 2b . Of note, however, siRNA levels decreased to near background levels in HCC70 cells in which EGFR expression was reduced compared with cells expressing high levels of EGFR or cells transfected with nontarget siRNA.
To assess whether EGF-or GE11-positive exosomes affected cell growth in vitro, we performed cell proliferation assays using HCC70 cells. EGF-positive exosomes promoted cell proliferation, whereas no effect was noted with control or GE11-positive exosomes (Supplementary Figure S1) . These experiments suggested that, unlike EGF-positive exosomes, GE11-positive exosomes do not stimulate EGFR signaling. Thus, GE11-positive exosomes may provide a more suitable drug delivery system than EGF-positive exosomes.
Ge11-positive exosomes are functional in vitro
Our results indicated that the modified exosomes were taken up into recipient cells. Next, we investigated exosome-mediated delivery of siRNA or miRNA in vivo, including the effects of the exogenous siRNA or miRNA in the recipient cells. We first transfected HEK293 cells with luciferase-specific siRNA and purified loaded exosomes. Then, we added the exosomes to culture medium containing luciferase-expressing HCC70 cells. After 24 hours, we measured luciferase activities and found that GE11-positive exosomes containing luciferase-specific siRNA reduced luciferase activity in the cells (Figure 3) . These exosomes likely contained only a fraction of the transfected siRNA from the exosome-secreting cells. Nevertheless, the encapsulated siRNA significantly inhibited expression of the target luciferase gene.
Ge11-positive exosomes bind tumor cells in vivo
We then examined whether GE11-positive exosomes specifically bind to tumors in vivo. Luciferase-expressing HCC70 cells were transplanted into the mammary fat pads of RAG2 -/-mice. GE11-positive and control exosomes were labeled with XenoLight DiR and intravenously injected into tumor-bearing RAG2 -/-mice via the tail vein. Twenty-four hours later, the locations of the exosomes were monitored using an in vivo imaging system (IVIS). Signals from the GE11-positive exosomes were detected in the xenograft tumors, whereas little signal was detected in experiments using control exosomes (Figure 4a) . We also counted the exosomes and observed that, compared with control exosomes, three times as many GE11-positive exosomes reached the tumor (Figure 4b ). In addition, we did not histologically detect any major organ damage in the injected mice (Supplementary Figure S2) . These data indicated that GE11-positive exosomes may facilitate the delivery of therapeutic molecules to EGFR-expressing tumors in vivo.
Ge11-positive exosomes containing let-7 inhibit tumor development in vivo
We next investigated the delivery of miRNA to tumors using the GE11-positive exosomes. We used let-7a because elevated let-7 expression in cancer cell lines alters cell cycle progression and reduces cell division, suggesting that let-7 functions as a tumor suppressor. 14, 15 Let-7a or control miRNA was introduced into GE11-positive or control exosomes using the lipofection method and HEK293 cells, and the amount of loaded miRNA was determined in quantitative real-time reverse transcriptionPCRs (Figure 5a) . To measure tumor growth in RAG2 -/-mice, we prepared tumor-bearing mice with xenograft HCC70 cells that stably expressed luciferase. To analyze tumor growth and development, we injected the tumors with luciferin and monitored signal emission using an IVIS. Exosomes were intravenously injected into tumor-bearing mice via the tail vein. After four injections, tumor growth was measured. Let-7a-containing GE11-positive exosomes markedly suppressed tumor growth (Figure 5b and c; n = 6, P < 0.01). Several studies have reported that let-7a inhibits tumor development by reducing expression levels of HMGA2 or members of the RAS family (K-RAS, H-RAS, N-RAS). 16 We examined the expression of these genes in let-7a-transfected HCC70 cells using real-time reverse transcription-PCR analysis, immunoblotting, and immunostaining (Supplementary Figure  S3a-c) . Furthermore, we immunohistochemically assessed the expression of HMGA2 and RAS family members in xenograft tumors (Supplementary Figure S3d) . Let-7a did not affect the expression of HMGA2 or RAS family members in vivo or in vitro. Consistent with previous reports, however, let-7a potently inhibited the expression of HMGA2 mRNA in A549 lung adenocarcinoma cells 17 (Supplementary Figure S3a) . These data indicated that let-7a inhibits tumor development via previously unidentified or uncharacterized genes in HCC70 breast cancer cells. Taken together, these findings indicated that GE11-positive exosomes are a promising vehicle for delivering drugs to EGFR-expressing tumors.
dIscussIon
Although miRNA is a promising anticancer therapeutic modality, the clinical use of these RNA molecules has been hampered by a lack of malignant tissue-specific delivery systems. In the present study, we showed that exosomes can be used to efficiently deliver antitumor miRNA to cancer tissues in vivo.
A number of nanocarriers using various materials have been developed for drug delivery systems. Polyethylene glycolcoated liposomes, which are frequently used as carriers for in vivo drug delivery, benefit from easy preparation techniques, acceptable toxicity profiles, and a lack of clearance by the reticuloendothelial system. Liposomes, however, have several drawbacks, including the efficiency of targeting and issues associated with accelerated blood clearance. 18 Although exosomes and liposomes have similar phospholipid bilayers, exosomes consist of only biogenic substances. The potential of exosomes as drug delivery carriers, however, is largely unknown. Adding appropriate targeting molecules can cause exosomes to accumulate at sites of disease in vivo (ref. 7 and Figure 4) . Thus, the biocompatibility and toxicity profiles of exosomes, which notably are natural carriers of miRNA in vivo, support their application in drug delivery systems.
To use exosomes clinically, however, further studies are needed to resolve several issues. For instance, therapeutic exosomes should not be quickly cleared by the reticuloendothelial system. In this study, when fluorescently labeled exosomes were injected into the mice tail vein, many exosomes accumulated in the liver 24 hours after the injection (Figure 4a) . Thus, some modifications are required to avoid normal clearance mechanisms. This type of delivery strategy requires that the miRNA or siRNA can be efficiently introduced into the exosomes. We transfected donor cells with miRNA and purified exosomes from the culture supernatant. A previous report described electroporation protocols for loading siRNA into exosomes. 8 We, however, were unable to use these methods to load our exosomes with miRNA.
The differences in the results may have been caused by the different cell types that were used in the two studies.
The composition of exosomes appears to differ depending on the source tissue or cell type. For instance, major histocompatibility complex class II molecules are enriched in exosomes from B lymphocytes, dendritic cells, mast cells, and intestinal epithelial cells, whereas higher levels of growth factors and their receptors are found in exosomes released from cancer cells. 19 For allogeneic exosome therapy, the presence of major histocompatibility complex proteins is problematic owing to potential immune responses. Therefore, the appropriate selection of donor cells for exosome production is a key factor for potential clinical applications of exosome-based therapies.
In conclusion, exosomes targeted to tumors may allow systemic administration of miRNA as cancer therapy. Technologic improvements that enhance exosome production and reduce immunogenicity should be explored to further develop this drug delivery approach.
MAterIAls And Methods
Plasmids transfection and retrovirus infection. The pDisplay vector was purchased from Invitrogen (Carlsbad, CA). Sequence encoding GE11 peptide (YHWYGYTPQNVI) with a flexible peptide linker (GGGGS)3 or mature EGF (53 amino acids, GenBank accession number P01133) was directly fused into pDisplay (Figure 1a) . HEK293 cells were transfected with pDisplay encoding GE11 or EGF using FuGENE HD transfection reagent (Promega, Madison, WI) and selected with Geneticin (Invitrogen).
EGFR retroviral vector was purchased from Addgene (Cambridge, MA). Viral supernatants were produced by transient transfection of GP2-293T cells with a packaging plasmid (pVSV-G) according to the manufacturer's instructions (Clontech, Mountain View, CA). MCF-7 cells were infected with viral supernatants using polybrene at a final concentration of 8 μg/ml.
Cell culture and small RNA transfection. Breast cancer cell lines (HCC70, HCC1954, and MCF-7) and a HEK293 were purchased from the American Type Culture Collection (Manassas, VA). Cells were cultured according to the manufacturer's instructions. HCC70 cells express firefly luciferase, as previously described. 20 miRNA and siRNA used in this study were as follows: has-let-7a sense (5′-UGAGGUAGUAGGUUGUAUAGUU-3′) and antisense (5′-CUAUACAAUCUACUGUCUUUC-3′); nontarget control miRNA sense (5′-AUCCGCGCGAUAGCACGUAUU-3′) and antisense (5′-UACGUACUAUCGCGCGGAUUU-3′); EGFR-specific siRNA sense (5′-GUGAGGUGGUCCUUGGGAATT-3′) and antisense (5′-UUCCC AAGGACCACCUCACTT-3′); luciferase-specific siRNA sense (5′-CUU ACGCUGAGUACUUCGATT-3′) and antisense (5′-UCGAAGUACUCA GCGUAAGTT-3′); and nontarget control siRNA sense (5′-AUCCGCGC GAUAGCACGUATT-3′) and antisense 5′-UACGUACUAUCGCGCGGA UTT-3′). Oligonucleotides were transfected into cells using HiPerFect reagent (final concentration, 50 nmol/l; Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Western blot analysis. Western blot analysis was performed as previously described. 21 Exosome samples were lysed in sodium dodecyl sulfate loading buffer. After boiling, equal amounts (4 μg) of the proteins were electrophoresed on 15% sodium dodecyl sulfate-polyacrylamide gels and transferred to Immobilon membranes (Millipore, Bedford, MA) using semidry blotting. Then, using standard techniques, the membranes were probed with antibodies, including anti-HA (HA7) (Sigma-Aldrich, St Louis, MO) and anti-HLA-A/B/C (H-300) (Santa Cruz Biotechnology, Santa Cruz, CA). Labeling was visualized using Immobilon Western chemiluminescent Immunoelectron microscopy. Purified exosomes from HEK293 cells were fixed in 2% paraformaldehyde and loaded onto Formvar-coated Ni electron microscopy grids. The samples were incubated overnight at 4 °C with anti-HA antibodies (Sigma-Aldrich) followed by 1 hour at room temperature with anti-mouse immunoglobulin G conjugated with 15-nm colloidal gold particles. The samples then were fixed in 2% glutaraldehyde, stained with 1% phosphotungstic acid, air-dried, and analyzed using a Hitachi H-7000 electron microscope (Hitachi High-Technologies, Tokyo, Japan). Exosomes positive or negative for gold particles were counted in 10 grids (~1,000-2,000 exosomes).
Coculture of PKH67-labeled exosomes and breast cancer cell lines.
Exosomes were stained with green PKH67 fluorescent dye (Sigma-Aldrich). After staining, exosomes were washed with phosphate-buffered saline and centrifuged at 120,000g for 70 minutes. One microgram of PKH67-labeled exosomes was incubated with 1 × 10 5 breast cancer cells at 37 °C or 4 °C for 4 hours. The uptake of PKH67-labeled exosomes was analyzed using flow cytometry and confocal fluorescence microscopy.
Administration of let-7a-containing exosomes in a human tumor xenograft model. Luciferase-expressing HCC70 cells (2 × 10 6 ) were injected subcutaneously into the mammary fat pads of 5-week-old RAG2 -/-mice. Four weeks after transplantation, tumors were sized using an IVIS (Xenogen, Hopkinton, MA). HEK293 cells expressing GE11 were transfected with synthetic let-7a. Let-7a-containing exosomes were purified from culture supernatants and intravenously injected (1 μg of purified exosomes, once per week for 4 weeks) into mice with transplanted luciferase-expressing HCC70 cells. Let-7a levels in the exosome samples were evaluated using TaqMan miRNA assays and real-time PCRs. Mice were handled according to the Ethical Guidelines of our institution. All experiments were approved by the Committee for Animal Research at our institution.
In vivo imaging of fluorescently labeled exosomes. A stock solution of the lipophilic near-infrared dye XenoLight DiR (Caliper Life Sciences, Hopkinton, MA) was prepared in ethanol. A 300-µmol/l working solution was prepared in diluent-C solution (Sigma-Aldrich). Exosomes isolated from culture supernatant-derived HEK293 cells were incubated with 2 µmol/l DiR for 30 minutes. The exosomes were then washed with 10 ml of phosphate-buffered saline, subjected to ultracentrifugation, and injected intravenously into RAG2 -/-mice (4 µg of exosomes/mouse). Migration of fluorescently labeled exosomes in murine organs was detected using an IVIS 24 hours postinjection.
In vivo imaging of xenograft tumors. Mice were anesthetized via isoflurane inhalation, and intraperitoneally injected with 100 μl of 7.5 mg/ml luciferin solution (Promega). Bioluminescence imaging was initiated with an IVIS (Xenogen) 10 minutes postinjection. The region of interest was defined manually, and bioluminescence data are expressed as photon flux values (photons/s/cm 2 /steradian). Background photon flux was defined using an area of the tumor that did not receive an intraperitoneal injection of luciferin. All bioluminescence data were collected and analyzed using an IVIS.
Statistical analysis. Differences were statistically evaluated using one-way analysis of variance followed by the Fisher protected least significant difference test. P values <0.05 were defined as statistically significant. Figure S1 . Analysis of cell viability based on assays with (4, 5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide. Figure S2 . Hematoxylin and eosin staining of lung, liver, spleen, and kidney tissues from mice injected with exosomes. Figure S3 . Expression analysis of the let-7 target genes.
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